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Abstract
This thesis is application-driven, aiming to improve overall performance of a flow line.
Specifically, the goal is to increase production rate of the line and reduce average WIP
between stations by optimization of existing facilities. The thesis provides a systematic
way of evaluating the performance of a flexible manufacturing system, as well as a
scientific approach to improve line performance step by step. At the same time,
necessary assumptions are made based on the actual system and real situations at Sphinx
Electronic Appliances Co. Ltd (For confidentiality related issues, all the names are
fabricated and all the data are disguised). The thesis focuses on analysis and
improvement of a certain flow line. However, a similar approach can also be applied to
other flow lines.
Thesis Supervisor: Stanly B. Gershwin
Title: Senior Research Scientist, Department of Mechanical Engineering
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Chapter 1
Introduction
In this chapter, we will give introductory information about Sphinx Electronic
Appliances Co. Ltd. Specifically, we will introduce their product category and process
flow, which are the abstract level of understanding the overall factory. Within this
context, we zoom into a detailed flow line considering time constraint and data
availability. At the same time, similar approach can be applied to other automated lines
in the factory. At the end of this chapter, we give the outline of the whole thesis.
§1.1 Company Background
Established over 20 years ago, Sphinx Electronic Appliances Co. Ltd comprises four
main activity groups:
-. Industrial Operations and Support
Sales Organization
+ Production
+ R&D
Sphinx Electronic Appliances in Singapore is an innovative, international technology
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company. As a global leader in the electronic appliances market, Sphinx develops
manufacture and market cutting-edge, reliable, high-quality products and value-added
professional services that provide customers around the world with smarter ways to be
productive and competitive. They base their success on the customers achieving their
goals: productivity in business and enhancement of personal life.
§1.1.1 Product Category
Sphinx Electronic Appliances is one of the largest electronic product manufacturers in
the world. The factory in Singapore mainly produces one particular product sold
worldwide. They have over dozens of models that fall into three main categories, namely,
"Alpha", "Bravo" and "Charlie". Details are shown in the table below:
Alpha
Bravo
Charlie
A1
A2
B1
B2
B3
B4
B5
C1
C2
ladle 1-1 'roauct Category
§1.1.2 Process Flow
There are dozens of products due to different Family/Model/Version. However, the
models in the same family share the similar processes. Therefore, all the products can be
grouped into three main family process flows. They are:
(1) Alpha Family
Alpha Family is low end product that has simplest processes, and usually sold in
developing countries. For the Alpha Family, Sphinx has 2 types (A 1 and A 2). Each
_j
Chapter 1 Introduction -16-
|
II
"''''"
has both LD version and CD version. Unlike Bravo Family, Alpha Family has
relatively stable demand and shows no seasonal pattern.
Please refer to the figure in Appendix A-1. Ellipses mean outsourced raw materials;
rectangular boxes indicate a work center, which consists of a series set of machines;
circle between the work centers are Work-In-Process (WIP); and double rectangular
boxes show the work centers that need outsourcing.
Raw materials enter the system through Work Center 1. There are two automated
lines in Work Center 1. Line 1 runs the parts for Alpha Family. Then finished parts
are stored in WIP 1, waiting to be processed at Work Center 2 together with another
outsourced raw material. After process at Work Center 2, the parts will be stored at
WIP 2, and then sent to Work Center 3. The LD version will be processed at Work
Center 3 and sent to package; while CD version need to be processed at Work Center
3 and then processed at Work Center 4 before being sent to package.
(2) Bravo Family
For Bravo Family, the processes at Work Center 1 and Work Center 2 are similar to
the Alpha Family, but the parts are in different shapes and structures, and there are
more models as well. Please refer to the figure in Appendix A-2 for process flow.
As far as we noticed, some of downstream work centers are under utilized since all
the WIP for these work centers come from Work Center 4. They are scheduled to run
certain days per week according to the Plan.
Bravo Family products are mainly sold in Europe and America. And the demand
shows a seasonal pattern. Bravo Family counts for about 65% of total products.
(3) Charlie Family
For Charlie Family, again, the processes at Work Center 1 and Work Center 2 are
similar but the parts are in different shapes and structures from Alpha/Bravo Family,
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and there are only 2 types (C 1 and C 2) in Charlie Family. There are more processes
for Charlie Family. Please refer to the figure in Appendix A-3.
Charlie Family products are high end, and sold mainly in Europe and America. The
proportion is about 8% of total products.
§1.2 Project Scope
There are several auto lines in Sphinx factory. This thesis is a detailed analysis of a
specific flow line with the goal of improving the line performance. To improve the line
performance, there are two aspects we need to consider: one is to increase production
rate; the other is to reduce average Work In Process (WIP) in the line. The selection of
the line is based on data availability. After studying all the features of the line such as
material flow and important parameters of the machines and buffers, we will build an
analytical model. And model verification will be done with the comparison to
simulation results and actual output data from Sphinx. The next step is to carry out
sensitivity analysis to ascertain the impact of changes in relation to line performance
improvement. Based on results of sensitivity analysis and Sphinx target, according
recommendations will be given.
§1.2.1 Process Descriptions
There are five different types of parts produced in Work Center 1, and they differ only in
shapes and resistance/tube length. All parts share great similarity in term of function,
raw materials used and production processes.
In Work Center 1, there are two auto-lines and one manual line. We focus on Auto Line 2
because it has real time data recording system. Auto Line 2 is capable of producing three
different types (Mars, Iris and Tiffany), one type at a time. There are eight processes to
make the part, and the processes for different types are similar. However, the tubes for
Mars are several centimeters longer than those of Iris and Tiffany, while Mars and Iris
are similar in shape. All these differences contribute to different operation times. The
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following table shows detailed information of each process.
Process 1
Process 2
Process 3
Process 4
Process 5
Process 6
Process 7
Process 8
for different type is the same, the only difference lies in the
raw materials used for each type.
Shared process, and the operation time for different type is
the same. But necessary adjustment will be made when the
line producing different types.
Shared process, but the operation time for Mars is longer
that those for Iris and Tiffany.
Shared process. And necessary adjustment will be made
when the line producing different types.
Shared process. And necessary adjustment will be made
when the line producing different types.
Model-dependent process. Different types use different
machines in this station.
Shared process.
Shared process. And necessary adjustment will be made
when the line producing different types.
Table 1-2 Process Description
2
3
4
5
6
7
8
§1.2.2 Auto Line 2 Layout
Figure 1-1 Auto Line 2 Layout
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Figure 1-1 shows Auto Line 2 layout, red arrows show material flow. The processes for
different types are similar, and all the stations are shared except for Station 6. The parts
are transferred by track from Station 1 to 5, then by conveyor belt till final check. There
is buffer of 500 between the first and second stations.
All together, there are fourteen machines in Auto Line 2: thirteen machines for the eight
processes, and a conveyor for transferring parts. The conveyor consists of two sections,
one connecting Station 6 and Station 7, the other connecting Station 7 and Station 8. But
they can be considered as one station in analytical model. Table 3-2 summarizes the
equipment in Auto Line 2.
Station # Quantity Working Mode
Station 1 1 Parallel: Process two parts at a time
Station 2 1 Parallel: Process two parts at a time
Station 3 1 Parallel: Process two parts at a time
Station 4 1 Parallel: Process two parts at a time
Station 5 1 Parallel: Process two parts at a time
Station 6.1 (Mars) 2 Single: Process one part at a time
Station 6.2 (Iris) 2 Single: Process one part at a time
Station 6.3 (TIffany) 1 Parallel: Process two parts at a time
Station 7 2 Single: Process one part at a time
Station 8 1 Parallel: Process two parts at a time
Station 9 Conve or 1 Sin le: Process one art at a time
Table 1-3 Equipment Summary in Auto Line 2
§1.2.3 Current Performance
To measure the current performance, first, we need to know the ideal production rate of
the line. The production plan is based on this ideal production rate while taking into
account loss hours such as machine down time, changeover time and so on. According
to production plan and actual operation, Sphinx sets the target for the line. But to
measure how well the line is running to the plan, we need to collect actual output data for
a certain period and compare it with the target.
(1) Ideal Production Rate
The ideal production rate of the line refers to the maximum amount that can be
produced during a certain period of time given all stations are always operational
with 100% yield. The operation time of the line will be the same as the operation
time of slowest station (Bottleneck Station) in the line if all the stations are perfectly
reliable. Mathematically, ideal production rate can be expressed as following:
Ideal Prodcution Rate Total Time Available
Operation time of Bottleneck Station
For Auto Line 2 at Work Center 1 in Sphinx Factory, the ideal production rate is on
weekly basis due to production plan. And Station 3 is the slowest station with an
operation time of 5.7 seconds. Therefore,
Total Time Available = 60sec./min. x 60min./hr. x 24hr./day x 7day/week
= 604800 seconds
Operation Time of Bottleneck Station = 5.7 sec./ 2 pcs.=2.85 sec./pc.
Then,
604800 secondsIdeal Production Rate = = 212210 pcs.
2.85 seconds/pc.
To sum up, the ideal production rate of Auto Line 2 is 212K per week. In other
words, Auto Line 2 can produce 212K pieces if all the stations are working perfectly
without any rejection, stoppage, machine down time, changeover, maintenance and
any other loss hours.
(2) Target
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Ideal production rate is an ideal case but not realistic since there is no perfectly
reliable machine. Taking into account machine down time, maintenance, changeover
time and other loss hours, Sphinx sets the weekly target to be 143K pieces.
(3) Actual Performance
Based on the weekly output record of first 25 weeks in year 2007, the average
weekly output quantity is 133K, and the gap between target and actual weekly
output is caused by low machine efficiency, interaction among stations and extra
loss hours.
Weekly Output Quarnt ity
240
212
200
160
143
. 133
120
40
- Capacity
- Target
- - Average Output
A-- ctual Output
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Week
Figure 1-2 Current Weekly Output Quantity
From the figure above, we can tell that the line is running far from ideal production rate,
the actual weekly output hardly reaches the target, and the gap between average
weekly output and the target is about 10K. In other words, we can meet the target by
increasing the production rate of the line by 7.5%.
§1.3 Thesis Outline
Chapter 1 is an overall introduction, which includes company background and project
scope. In Chapter 2, we present a literature review on building of analytical model. In
Chapter 1 Introduction -22 -
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Chapter 3, an analytical model is built and verified based on the data collected and the
information introduced in Chapter 2. In Chapter 4, a detailed analysis of current problem
is conducted. After identifying the causes of the problem and contribution of each
factor to the capacity loss, according recommendations are proposed. In Chapter 5, a
set of sensitivity analyses are carried out to reach final conclusions on how to improve
the line performance. Finally, in Chapter 6, we summarize the conclusions reached in
this thesis and future work.
Chapter 1 Introduction - 24 -
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Chapter 2
Literature Review*
Flow lines are widely used in industries, such as automobile manufacture, electronic
components process, package and other products in manufacturing industries. In the
scope of industrialization, automatic manufacture greatly reduces the need for human
labor and mental requirements. It plays an increasingly important role in the global
economy and in daily experience. However, many of these manufacturing facilities are
under-utilized and lack good measurement of performance.
A flow Line, also known as a production or transfer Line, is a manufacturing system
which consists of work stations by sequence of material flow. Further, each work station
may have only one machine responsible for one operation or a set of machines doing
several operations. Figure 2-1 shows a simplest case of flow line, in which each machine
is a work station. Therefore, there are k machines (MI, M2 ... Mk) together with k-1
buffers (B , B2 ... Bk-l) between consecutive machines in the line. Raw materials enter
the system through Machine 1, and processed by following machines in order till last
operation done at Machine k, then the product is finished and exits the system.
* Refer to "Manufacturing System Engineering" by Professor Stanly B. Gershwin.
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This chapter provides background information on the development of analytical model,
including the formulation of the model and algorithm.
(ý 4 ý ý........................ 44Iýý-'
Material Flow
------------------- ------------------- ------------------- ----
Figure 2-1 Flow Line
There are several characteristics associated with Flow Lines:
> Operation rate for single machine is deterministic when the machine is up;
> Machines are unreliable with Operation-Dependent-Failures (ODF);
Up and down times are given by general Markov processes;
> Multiple work stations with finite buffer in between;
§2.1 Analytical Model of Flow Line
To analyze a flow line, we need to introduce some concepts of key parameters needed to
measure the performance of each machine in the system. At station level, the key
parameters include operation time, MTTR/MTTF and yield. While at line level, buffer is
another important parameter.
§2.1.1 Operation Time*/Production Rate
Operation Time refers to the time used by certain machine to finish one operation. Since
flow lines are designed to realize mass production for similar or identical parts, each
* Cycle Time is commonly used in industrial world as an alternative of operation time. However,
cycle time has two meanings, the first is the same as operation time, the second is the time a part
spends in the system. To avoid confusion, cycle time takes the second meaning in this thesis.
Chapter 2 Literature Review -26-
I
machine in the system operates at low level of variability when operational.
In other words, even though, the operation time may vary slightly, it can be considered
deterministic and does not vary from one part to the next on a specific process. And ideal
production rate is reciprocal of operation time. In other words, if the machine is
perfectly reliable, and the operation time is r , the ideal production rate will be: /u = 1 / r.
§2.1.2 MTTR/MTTF*/MTBF
Mean Time To Repair (MTTR) refers to the average time taken to make the machine up
when it is down, while Mean Time To Fail (MTTF) to the average time passes by before
the machine becomes down. So the repair rate is R = 1 / MTTR, and the probability that
a machine gets repaired in any given operation is r = r / MTTR when it is down.
Similarly, the failure rate is F= I/ MTTF, and the probability that a machine fails
during any given operation is p = - / MTTF when it is up. Further, we assume that the
failure and repair times are geometrically distributed in the analytical model.
Figure 2-2 visualizes the MTTR and MTTF, as well as the relationship with MTBF.
MTBF = MTTR + MTTF
Figure 2-2 MTTR & MTTF
* At Sphinx, they use MTBF as MTTF defined here.
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Note that it is reasonable to assume that a machine can only fail while it is working. This
is so called Operation-Dependent-Failure. Thus, MTTR, MTTF and Mean Time
Between Failure (MTBF) are all measured in working time.
So far, we know the average production rate A, = I / r when machine is up and average
duration of an up period is MTTF; the average production rate pa,,,,
. 
= 0 when machine
is down and the average duration of a down period is MTTR. The average production
rate during MTBF is given by:
1 MTTF 1 MTTF 1 r 1
P - )=-( )=-*e
r MTBF r MTTF +MTTR r r+p r
Moreover, the production rate can be regarded as the product of nominal/ideal
production rate and efficiency (e).
§2.1.3 Yield
Yield is defined as the fraction of non-defective parts over total parts produced. It is an
indicator of the quality of the machine. Usually, the yield of automotive flow line is as
high as 99%. When the yield drops dramatically, there is a sign of failure of the machine.
§2.1.4 Buffer
Buffer, or storage for in process inventory, is the space built between machines in the
flow line to absorb fluctuations of machines' performance. In other words, buffers are
used against variances of machines' production times. Therefore, no buffer is needed for
perfectly reliable machines with constant production times since the production rates are
deterministic. The bigger the variances are, the larger the buffers size will be helpful,
while the smaller, the less space will be needed. In industrial world, people always prefer
small frequent fluctuations instead of big infrequent fluctuations. This is because large
fluctuations require large buffers which will increase cost and cycle time. Thus, for the
flow line made up of unreliable machines, proper buffers are widely used in industries to
increase production rate of the flow line. However, buffer is against lean, and it may hide
problem as well. Therefore, we need to keep buffer size as small as possible. Two
extreme cases of buffer size, namely Infinite Buffer and Zero Buffer, will be discussed in
the following two sections.
§2.2 Infinite Buffer Model
The underlying assumption of Infinite Buffer Model is that a machine is not idle if it is
not starved and the first machine is never starved. Since the machines are separated by
infinite buffer space, the aggregated production rate of the flow line is the production
rate of the slowest machine in the line, and the slowest machine is called the bottleneck
of the line. Mathematically, the production rate of Infinite Buffer Flow Line is given by:
1 MTTfl 1 r_P= min[ ( )]= min[-( )]
ri MTTFi + MTTR, r ri + Pi
In case of infinite buffer size and unequal machine production rates, the system is not in
steady state, so an infinite amount of in process inventory will accumulate in the buffer
upstream of the bottleneck. Similarly, the second bottleneck will be the slowest machine
upstream of the bottleneck and another infinite amount of in process inventory will
accumulate just upstream of it, and et cetera.
Obviously, the first priority is to improve the bottleneck machine if we want to increase
production rate, then the second bottleneck and so on.
§2.3 Zero Buffer Model
Another extreme case is Zero Buffer. In the situation, there is no buffer between
machines, and if any machine fails, or take a very long time to do an operation, the rest
of the machines must wait. Therefore, the production rate is usually less, possibly much
less, than the slowest machine in the line. For the perfectly reliable machines with
different production rates, the operation time of the line is the operation time of the
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slowest machine. Recall perfectly reliable machines with different production rates in
Infinite Buffer case, the production rate is also the rate of slowest machine in the line. In
conclusion, buffer has no effect on the line consisting of perfectly reliable machines.
Assume that failure and repair times are geometrically distributed, each machine in the
line has identical production rate*, suppose only one machine can be down at each time,
and define pi and ri to be the probability to fail and get repaired of Machine i during any
given operation time respectively. Then Zero Buffer k-Machine Line Formula, also
called Buzacott's Formula, is given by:
1 1
P---( k
i= +p
Figure 2-3 Line Production Rate vs. Number of Machines
1
0. 9
0.8
a 0.3
0.
0. 1
n
- Line Production Rate vs
Number of Machines
Infinite Buffer Production
Rate
Capacity Loss for k=10
- Capacity Loss for k=20
-Capacity Loss for k=40
- Capacity Loss for k=60
0 20 40 60 80 100
Number of Machines (k)
* It is meaningless to discuss the line of machines with unequal production rates because the
whole system will not be in steady state, infinite in process inventory will be accumulated. This
can be considered design failure if the line consists of imbalanced machines.
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Now, given the single machine production rate (1/time unit) and efficiency (95%) we
can plot the Line Production Rate versus Number of Machines in the Line:
From Figure 2-3, we can see dramatic capacity loss as the line gets longer.
When k= 1 (single machine case), the production rate is simplified as:
1 rP= )( 
r r+p
It happens to be the production rate of the line in case of Infinite Buffer Line.
To sum up, for Zero Buffer Line, the production rate of the line is not a function of either
p, nor r, alone. It is a function of the ratio p, / r,. However, the same statement does not
hold for the lines with finite, non-zero buffers.
§2.4 Decomposition Equations and Algorithm
Infinite Buffer prevents propagation of disruptions between machines, while Zero
Buffer gives birth to instantaneous propagation. Finite Buffer falls between these two
extreme cases, since it delays the propagation. In industrial world, at cost of in process
inventory holding cost, physical space and material handling mechanism, finite buffers
are built to recapture the lost production rate.
§2.4.1 Decomposition Method*
In contrast to Infinite Buffer and Zero Buffer cases, there is no simple formula to
calculate line production rate and in process inventory level. However, exact solution is
available to Two Machine with One Finite Buffer for Markov Process. Zero buffer
transit times are assumed as well as reliable buffers in this case. Specifically, the state of
* The method was first introduced by Sevast'yanov in 1962.
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Markov process is defined as:
X(t)= [n(t), a, (t), a 2 (t)
Where X(t) is the state of the system at time t;
n(t) is the buffer level between two machines at time t;
a, (t) is the state of machine 1 at time t;
a2 (t) is the state of machine 2 at time t;
Since n(t) is buffer level, n(t) should fall between zero and N (buffer size); the value
ofa(t) can be either 1 (Machine up) or 0 (Machine down).
The figure below visualizes the states and transition processes for a Two-Machine
system with buffer size of thirteen.
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Figure 2-4 Markov Transition Graph
Analytical solution of Two-Machine system is the building block for Decomposition
...'a
Method of Long Line Machines. The original k-Machine Line can be reduced to k-1
Two-Machine systems as shown in Figure 2-5. Line i consists of two pseudo-machines,
Mu(i) and Md(i) representing the aggregate behavior of flow line up and down stream
respectively of buffer Bi. And the buffer Bi is assumed to behave identically to the
corresponding buffer in the original line.
Accordingly, X, =[n(i),a,,(i),ad(i)] (i=l to k-l) refers to the steady state of the
Markov process, where n(i) is the buffer level of Line i, a, (i) and a d (i) are states of
the two pseudo machines. To get analytical solutions, we need to derive a set of
equations that contain the same number of unknowns.
Material Flow
Line 1:
Line 2:
Line i:
Line k-l:
Figure 2-5 Decomposition Method
§2.4.2 Decomposition Equations*
(1) Conservation of Flow (COF)
COF equations are derived by equating all the production rates in the line,
considering the throughput rates at all machines must be equal because materials are
* "New Results in Flow Line Analysis", Mitchell H. Burman, OR Center, MIT, 1995.
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neither destroyed nor created within the system. The final equations are given as:
1 1
. e, (i()[ 1 1 1e, -(i) i I - i
P (i) ejAp edi- ~d~i-1
Ipd (i) = [  1 1ed (i)
P(i) e+_iAn e,(i+1)P,,(i+l)
for i=2,...,k-1
for i= 1,...,k-2
(2) Interruption of Flow (IOF)
IOF equations are derived by relating all the production rates to possibilities of
starvation and blockage, considering up stream failure could be caused by Machine
Mi failure, or starvation caused by Bi-1 being empty simultaneously with Mu(i-1)
being down. The IOF equations incorporate both of the situations. The final
equations are given as:
p. (i) = p p(Ol,),(i)
P - pi (N,1 , ,1)upd(i)
pd (Pi+1 (N+,,1,l),a(i)P - P1 (0, 1, 1)p,(i)
p•l - p, I(N, ,l,l)pd(i)
for i=l,...,k-2
(3) Resumption of Flow (ROF)
ROF equations are derived by relating ru(i) to up stream events and rd(i) to down
stream events, considering up stream failure could be caused by Machine Mi failure,
or starvation caused by Bi-. being empty simultaneously with Mu(i-1) being down.
The ROF equations account for the recovery from both of these conditions. The final
equations are given as:
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P• (i)P(i) p,,(i)P(i)
for i=2,...,k-1
rd (i) = r(i + ) Pi+(Ni+l1O)rd + P) i+,(Ni+,O)rd ()pd
Pd (i)P(i) Pd (i)P(i)
for i= 1,...,k-2
(4) Boundary Conditions (BCs)
So far, 6(k-2) equations are derived from flows, there are six boundary conditions to
enclose the equations. The BCs are given as:
r, (1) = r
p"1 (1)= p,
p (l) = p,
rd(k -1) = r,
Pd (k -1) = pk
Pd(k - 1)= pk
The algorithm employed to solve the equations is called DDX Algorithm because it
was developed by Dallery, David and Xie in 1988. Gershwin extended the algorithm
and formulated it as following.
§2.4.3 Algorithm
(1) Initialization
Give initial guesses for the parameters of each decomposed line:
r (i) = -; rd (i) = r+t
P. (i) =p;; Pd(i)= Pi+1
p, (i) = p; Pd i+1
(2) Iterations
Chapter 2 Literature Review
Based on COF, P(i-1) is substituted for P(i) in all up stream equations while P(i+1)
for P(i) in all down stream equations. For i=2 to k-1, calculate all the parameters for
Line (i-1); then for i=1 to k-2, calculate all the parameters for Line (i+1). Keep
iterating until the greatest difference MAX(IP(i)-PI) is neglectable for i=2 to k-1.
Due to both the advantages given by the substitutions and evaluations with most
recent values from calculations, this extended algorithm is proved to be more robust
and faster then the original method.
§2.5 Summary
In this chapter, we introduced basic assumptions of analytical model, building of
analytical model for flow line, and decomposition method developed by Professor
Gershwin and Doctor Burman. And the evaluation of line performance and sensitivity
analysis are based on this model. At the same time, we also introduced the concept of
buffer and discussed two extreme cases of Infinite Buffer and Zero Buffer. Again, the
best location and optimum size of buffers will be calculated using the same analytical
model.
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Chapter 3
Analytical Model
Based on the literature review in Chapter 2, we built an analytical model for Auto Line 2.
To validate the model and obtain useful information, 1) we collected and verified the
parameters required to feed into the model; 2) measured line performance based on the
results of the analytical model and compare the results with both simulation model and
actual output data.
§3.1 Key Parameters of the System
This section shows the collection of raw data and calculation of relevant parameters.
§3.1.1 Operation Times
Operation times of each machine in Auto Line 2 are recorded on site by myself*. The
data is finalized after comparison with data in control plan provided by Engineering
Department at Sphinx. To avoid random errors, ten-operation-time is recorded instead of
* Refer to the raw data in Appendix B. The data for Mars is collected on June 4th, 2007, Iris on
May 3 0 th, 2007, and Tiffany on Jun 26th, 2007.
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single one as raw data. Further, a sample size of ten is used to detect variance. The
operations times* recorded are consistent with previous assumptions that machines in
flow lines operate at low level of variability when operational, the operation time varies
slightly and can be considered deterministic. At Sphinx, the line is a double parallel line
(process two parts a time), thus, the Production Rate is given by: p =2 / r.
Station # Operation Time (sec./2 pcs.) Production Rate (pcs./sec.)
Station 1 4.8 0.4167
Station 2 5.0 0.4000
Station 3 5.7/5.4 0.3509/0.3704
Station 4 5.3 0.3774
Station 5 5.2 0.3846
Station 6.1 _Mars) 5.4 0.3704
Station 6.2 (rs), 5.4 0.3704
Station 6.2 _Tfany) 5.1 0.3922
Station 7 5.3 0.3774
Station 8 5.2 0.3846
Station 9 (Conveyor) 5.1 0.3922
* 5.7 for Mars and 5.4 for Iris/Tiffany because the tube of Mars is
Note longer than those of Iris/Tiffany.
Table 3-1 Operation Time of Stations in the Line
§3.1.2 MTTR/MTTF
As mentioned before, Sphinx has a real time data recording system at Auto Line 2 to
record the stoppage time and count for each machine. The raw data are recorded hourly
from May 17th, 2004. To get useful information, Sphinx developed an excel-based
software to collect data and calculate MTTR, MTTF and efficiency.
To examine the machine parameters' stability, we made a comparison of parameters
calculated from Year 2005 and Year 2006. It turned out that the parameters of each
* Since there is no buffer from second station to the last one, the operation times are seriously
affected by the interaction among stations. The finalized data are obtained based on both Control
Plan provided by Sphinx and on spot observations.
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machine are relatively stable (the differences are within 1%). Given the stable
performance of the line, we use the data of Year 2006 (whole year data are used to avoid
the seasonal influence) to calculate machine parameters because their integrity and
recentness. The results are shown in the following table:
Station #
Station I
Station 2
Station 3
Station 4
MTTR(sec.)
136.50
38.07
184.74
59.64
MTTF(sec.)
451.62
374.43
4383.97
1222.88
Efficiency
0.7679
0.9077
0.9596
0.9535
Station 7 I 81.08 I 6397.77 i 0.9875 I
Station 8 60.13 5634.50 0.9894
Station 9 (Conveyor) 49.82 1068.24 0.9554
Table 3-2 MTTR/MTTF of Stations in the Line
§3.1.3 Yield
As defined previously, yield* is the fraction of non-defective parts over total parts
produced. According to the data of first nineteen weeks of 2007, the yields calculated
from first five weeks, first ten weeks, first fifteen weeks and first nineteen weeks are
similar, which indicate the yield is stable. The results are shown in the following table:
* At Sphinx, fall-offs consist reworkable parts and rejected ones. And the reworkable ones are
Total parts-Rejected parts
majority. According to the definition, Yield = .The yields of each
Total parts
station will be almost 100% by definition. However, the analytical model only considers the first
pass ones as non defective parts, in other word, fall-offs will be considered as defective parts.
Total parts-Fall-offsThus, in the analytical model: Yield =
Total parts
Stto 10 .  7
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Station 1 0.9814
Station 2 0.9978
Station 3 0.9985
Station 4 0.9973
Station 5 1.0000
Station 6.1 (Mars) 1.0000
Station 6.2 (Iris) 1.0000
Station 6.3 (Tiffany) 1.0000
Station 7 1.0000
Station 8 0.9966
Station 9 (Conveyor) 1.0000
Table 3-3 Yield of Stations in the Line
§3.1.4 Summary of Machine Parameters
So far, we have collected all the data needed to measure Auto Line 2's performance,
MTTR/MTTF is collected by the excel-based software, operation times are collected on
site and yields are obtained from past record. These four sets of data are the basic raw
data needed for further analysis, and all the rest of relevant parameters are generated
based on these raw data.
And the average production rate of each station is given by the product of ideal
production rate of the station, efficiency calculated from MTTR and MTTF, and the
yield of the station.
Mathematically,
Production Rate = Ideal Production Rate x Efficiency x Yield
The following table shows the summary of all the data.
MTTR MTTF Production Production
Station # (sec.) (sec.) Efficiency Time(sec.12) Yield Rate (pcs./sec.)
Station 1 136.50 451.62 0.7679 4.8 0.9814 0.3140
Station 2 38.07 374.43 0.9077 5.0 0.9978 0.3623
Station 3 184.74 4383.97 0.9596 5.7/5.4 0.9985 0.3362/0.3548
Station 4 59.64 1222.88 0.9535 5.3 0.9973 0.3588
Station 5 48.13 8029.00 0.9940 5.2 1.0000 0.3823
Station 6.1 (Mars) 43.51 13604.22 0.9968 5.4 1.0000 0.3692
Station 6.2 (iris) 39.18 15701.49 0.9975 5.4 1.0000 0.3694
Station 6.3 (TIffany) 16.41 14386.42 0.9989 5.1 1.0000 0.3917
Station 7 81.08 6397.77 0.9875 5.3 1.0000 0.3726
Station 8 60.13 5634.50 0.9894 5.2 0.9966 0.3793
Station 9 (Conveyor) 49.82 1068.24 0.9554 5.1 1.0000 0.3747
Source Data Collection Program On-Site Collection Calculation
Table 3-4 Summary of Machine Parameters in Auto Line 2
As explained before, production rate for single station is determined by its operation
time, efficiency and yield. From Table 3-4, we can tell that the Station 1 is the bottleneck
station (lowest production rate in the line) due to its low efficiency. And Station 3 is the
second bottleneck station (second slowest in the line) due to its long operation time.
§3.2 Performance Measures
At Sphinx, the current situation can be modeled as following:
Material Flow
Figure 3-1 Current Auto Line 2
From Figure 3-1 together with Table 3-4, we can roughly see the problems. Firstly,
Chapter 3 Analytical Model -41 -
Chapter 3 Analytical Model - 42 -
Station 1 has very low efficiency, however, Sphinx already built a buffer of a size of
500 after it, moreover, the operation at Station 1 can be done manually, which relieve
the pressure for Station 1. Secondly, the operation times of certain stations are longer,
which imbalance the material flow. Thirdly, since there is no buffer from Station 2 to
Station 9, strong interaction among stations worsens line performance even the
efficiencies of single station are all over 90%.
For analytical model, the line can be simplified as two-machine-one-buffer system
since there is only one buffer between the first and second stations.
Raw Materials I Stati Buffer I ---- St.tion 2
W~
Material Flow
Figure 3-2 Auto Line 2 after Simplification
We specify the key parameters required by the analytical model and use CELLI* to
calculate the production rate and buffer level of the line for different models. The
results are shown in Table 3-5.
Station 1
Station 2
Station 1
Station 2
Station 1
Station 2
0.0073
0.0038
0.0073
0.0041
0.0073
0.0041
0.0022
0.0012
0.0022
0.0012
0.0022
0.0012
Input Data
0.9814
0.9902
0.9814
0.9902
0.9814
0.9902
0.4089
0.3474
0.4089
0.3667
0.4089
0.3667
409.86/500
367.46/500
366.64/500
Output Results
Table 3-5 Summary of Line Performance for Different Models
* An online software developed by Prof. Gershwin, used for calculation of analytical model.
Mars
Iris
Tiffany
Note
0.2662
0.2797
0.2801
s5 I
Obviously, the line production rate reaches bottom when producing Mars, reaches peak
when producing Tiffany. For Mars and Iris, all the operations are the same except for
the process at Station 3. The operation time for Mars takes 5.7 seconds, while for Iris,
it only takes 5.4 seconds. This is due to longer tube of Mars. For Iris and Tiffany, all
the processes are the same except for the process at Station 6. The operation time for
Iris takes 5.4 seconds, while for Tiffany, it only takes 5.1 seconds. This is due to their
different processes. Additionally, we notice that there is 0.3 second improvement at
Station 3 from Mars to Iris, and 0.3 second improvement at Station 6 from Iris to
Tiffany. However, these 0.3 second improvement has different effect on the line
production rate. Specifically, improvement of bottleneck station is more critical on
increasing the line production rate, while improvement of non-bottleneck station is less
influential on the line performance.
Further, we find that the line is more balanced when producing Tiffany, the buffer level
is closer to half buffer size. This gives us an idea about how to improve the line
performance.
§3.3 Model Verification
On the one hand, we build a simulation model to check the validation of the analytical
model; on the other hand, we collected daily output data from Sphinx, group them due to
different models and then compare them with the analytical results.
We use the software "SIMUL 8" to build the simulation model. All the relevant
parameters such as operation times, MTTR/MTTFF, and yields are from Table 3-4.
Additionally, a dummy buffer is created before Station 1 to simulate sufficient raw
material supply. For detailed information about the simulation model, please refer to
Appendix C.
The table below shows the comparisons between the results from analytical model and
simulation model.
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133.79 K 134.75 K 956.90 0.7101
The first 19 weeks indicate the average daily loss hour is 5.06 hours, in which there is
0.45 hour changeover time. Total production rate is calculated based on the fact that
output proportion of Mars, Iris and Tiffany are 53%, 17% and 30% respectively.
Table 3-6 Weekly Production Comparison of Analytical Model and Simulation
The table below shows the comparisons between the results from analytical model and
actual production rate obtained from the daily output.
I Iris I 137.51 K 131.62 K I 5891.03 I 4.4757
Tiffany I 137.69 K I 135.68 K I 2007.14 I 1.4793
Total 1 133.79 K 133.94 K 143.42 I 0.1071
Table 3-7 Weekly Production Comparison of Analytical Model and Actual Data
From Table 3-6 and Table 3-7, we can tell that both simulation results and actual weekly
output records ascertain validation of the results from analytical model.
§3.4 Summary
In this chapter, we showed how we collected the key parameters for the analytical
model. Based on these parameters, we measured the line performance. To verify the
model, on the one hand, we built a simulation model using SIMUL 8. And we compare
the results from analytical model with simulation results, the differences are within 1%.
On the other hand, we collected actual output data of first nineteen weeks of Year 2007
from Sphinx, compare them with our model, the differences are within 5%. So far, the
model is verified, the following sensitivity analyses and recommendations will be
given based on this analytical model.
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Chapter 4
Problem Identification
Currently, Auto Line 2 is running at low efficiency. On average, there is 10K's gap to
reach the target. Therefore, the goal of this project is to improve the line performance.
As far as line performance is concerned, on the one hand, we want to increase the
production rate; on the other hand, we want to reduce the average WIP to realize quick
changeover. In this chapter, we first introduce the concept of Overall Equipment
Effectiveness (OEE), then analyze current OEE of the line. Finally, we identify the
factors that contribute to the capacity loss.
§4.1 Overall Equipment Effectiveness* (OEE)
Overall Equipment Effectiveness (OEE) is a measure comparing how well
manufacturing equipment is running to the ideal plant. At high level measurement, OEE
Actual Output
can be expressed as: OEE =
Theoretical Maximum Output
* "OEE for Operators: Overall Equipment Effectiveness", Productivity Press Development
Team, Productivity Press, 1999.
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For Auto Line 2 at Work Center 1 at Sphinx,
OEE = Actual Output 133K =62.6%
Theoretical Maximum Output 212K
For detailed analysis, OEE incorporates Performance Rate, Quality Rate and
Availability.
§4.1.1 Performance Rate
Performance rate is the fraction of actual production rate over ideal production rate of
the line.
Performance Rate = Actual Production Rate
Ideal Production Rate
Obviously, ideal production rate of the line is the production rate of the bottleneck
station. And actual production rate of the line is associated with operation time of single
station and interaction among stations which causes stoppages. The following table
summarizes the performance rate when producing each model, as well as the combined
performance rate.
Tiffany 0.2816 0.3704 0.7825
Total 0.2737 0.3600 0.7822
Table 4-1 Current Performance Rate for Different Models
§4.1.2 Quality Rate
Quality rate, or yield, is the fraction of non-defective parts over total parts produced.
Non Defective PartsQuality Rateotal Parts ProducedTotal Parts Produced
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The quality rate of flow line is the product of yields of each station in the line. Given the
yield of Station i is y,, the quality rate of the line can be expressed as:
Quality Rate of Line = y1y2 ...yi...yk
The quality rate of the Auto Line 2 is: Quality Rate of Line = yyz 2...y, = 0.9718
§4.1.3 Availability
Availability is the fraction of actual operational time over total production time.
Actual Operational TimeAvailability = Total Available Production Time
Actual operational time is determined by subtracting loss hours from total available
production time. And loss hours include preventive maintenance, set up time,
changeover time, unplanned downtime and other loss hours.
The availability of the Auto Line 2 is: Availability = (24-5.06)hr = 0.7891
24hr
OEE takes a holistic view of all losses that impact on equipment performance: not
running at the ideal rate; not producing first pass quality output and not being available
when needed. OEE is the product of the three key production parameters: Performance
Rate, Quality Rate and Availability.
OEE = Performance Rate x Quality Rate x Availability
Then current OEE at Auto Line 2 is given by:
OEE=0.7822 x 0.9718 x 0.7891=60.0%
Compare with Actual OEE based on actual output (62.6%), there is only 2% error
considering a lot of factors have effects on OEE.
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§4.2 Lost Capacity Analysis
Current OEE of Auto Line 2 is about 60%, and we have around 40% capacity loss. To
improve the line performance, we firstly need to classify the factors that cause the
capacity loss, and determine the contribution of each factor.
Capacity Loss
40%
I
OEE: 60%
Capacity Loss
Die Cleaning
0. 48%
Changeover
4hft h
Shift Chanwe
0 Stoppage
E Line rield
0 Down Time
OPA
* Others
U Shift Change
* Changeover
ODie Cleaning
Line Yield
6. 18%
Stoppage
47. 67%
Figure 4-1 Sources of Capacity Loss
§4.2.1 Stoppage
Stoppages contribute to the loss of Performance Rate. It is caused by low machine
efficiency and interaction among stations. Specifically, the efficiency of first station is
low (77%), while the interaction of rest of stations is very strong because there is no
buffer in between even the efficiency of single station is over 90%. Stoppage counts for
47.67% of total capacity loss, therefore, it is critical problem to solve.
§4.2.2 Yield
Yields of each station contribute to the loss of Quality Rate. However, it only counts for
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6.14% of total capacity loss in this case. At the same time, the yields of all stations are
over 99.5% except the first station (98.14%). Thus, improvement of yield is not urgent
issue.
§4.2.3 Loss Hours
Loss hours contribute to the loss of Availability. The following table shows all types of
causes of loss hours. And the figure besides shows the proportions of each factor in total
daily loss hours. Even though loss hours count for 46.19% of total capacity loss, it is
hard to improve because some of the causes are unavoidable such as preventive
maintenance and changeover, and some of them are unpredictable such as unplanned
downtime and rework.
Unplanned Downtime 1.69
Preventive Maintenance 1.40
Rework 0.64
MgO Cleaning 0.56
Model Changeover 0.37
Others 0.19
Shift Change 0.09
Version Changeover 0.08
Die Cleaning 0.05
Total 5.06
Table 4-2 Daily Loss Hours
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Figure 4-2 Sources of Capacity Loss
§4.3 Summary
In this chapter, we calculated the OEE based on the analytical model we built in Chapter
3. Then we analyzed the contributions to the capacity loss of each factor. Current OEE of
Auto Line 2 is about 60%, and we have around 40% capacity loss. To close the 10K per
week's gap to achieve the target, we need to increase the OEE by 7.5%.
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Chapter 5
Sensitivity Analysis
The line performance depends on multiple factors. The goal is to improve line
performance at minimum cost. Based on the capacity loss analysis in Chapter 4, we will
conduct sensitivity analysis to check which is the most effective way to achieve the
production target. In this thesis, we mainly consider theoretical recommendations.
Before implementation of any proposal in this thesis, a careful study of technical
feasibility and cost will be necessary.
Since the line is flexible manufacturing system which is capable of producing three
different types of parts, we need to do sensitivity analysis for each type because the
parameters of the line are different when producing different types.
Before we do any sensitivity analysis, there are some rules we have to follow:
. The line production rate is model-dependent since the tubes for Mars are longer,
and operation times for Process 6 are different. Mars count for dominant quantity
(>50%). Therefore, we focus on Mars if any conflict occurs.
0 The conveyor's performance is not that satisfactory. The function of conveyor is
only to transfer parts. Tracking the historical data, we find there was a dramatic
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efficiency drop from 97.94% in Year 2005 to 94.62% in Year 2006. This might
be due to the aging. However, this indicates that we can improve the conveyor
back to about 98% efficiency by maintenance or replacement of new parts.
From the summary of machine parameters, we find out that some machines are
more reliable compared to the rest. Instead of isolating each station, we can
group certain stations to make the model simpler.
Based on these rules and capacity loss analyses in Chapter 4, we set the approach to
improve the line performance:
Improvement of
Line Performance
Increase
Performance Rate
Increase
Quality Rate
Increase
Availability
Shorten Operation TimeF {Increase MTTF
Increase Efficiency
Decrease MTTR
Buffer { Increase Existing Buffer
Add New Buffer
-1 Increase Yield of Each Station
Reduce Down Time
Quick changeover
Others
Table 5-1 Systematic Improvement Tree
The following sensitivity analyses will be based on the above table and analytical model
using CELL1.
§5.1 Improvement of Performance Rate
Improvement of line performance rate can be achieved by shortening machines'
operation time or increasing station efficiency. Alternatively, increasing existing buffer
or introducing new buffers will also give improvement for performance rate. Generally,
buffer will hide the problem, increase WIP and delay changeover time. However, we
propose buffer here for two reasons: 1) parts produced at Work Center I is the first step
for the product, the volume and cost is small compared to other stages. It will be cheap
and easy to build buffers; 2) we will limit the buffer size to keep it at minimum level to
reduce the interaction among stations and realize synchronization of the line.
§5.1.1 Shorten Operation Time
Whenever we want to improve the line performance by shortening certain station's
operation time, we always shorten operation time of the bottleneck station*. Specifically,
the bottleneck operation time is 5.7 seconds for Mars, 5.4 seconds for Iris, and 5.4
seconds for Tiffany. And the second bottleneck operation time is 5.4 seconds for Mars,
5.3 seconds for Iris, and 5.3 seconds for Tiffany. To see the effect of shortening
operation time, we shift the bottleneck station to second bottleneck station by replacing
5.7 to 5.4 seconds for Mars, 5.4 to 5.3 seconds for Iris and 5.4 to 5.3 seconds for Tiffany.
According to the calculated results from CELL I, we can see the effect on two aspects: 1)
increased production rate, and 2) reduced WIP in the system.
Mars 439.72/500 0.2667 407.80/500 0.2811 -31.92 5.39%
Iris 407.31/500 0.2813 390.98/500 0.2862 -16.33 1.76%
Tiffany 406.40/500 0.2816 389.84/500 0.2866 -16.56 1.76%
Table 5-2 Improvement of Shift to Second Bottleneck
For Mars, the improvement is more obvious because the bottleneck station is 0.3 second
slower than the second bottleneck station. We can achieve satisfactory result by
reducing the operation time of bottleneck station. For Iris and Tiffany, the stations are
more balanced, so the reduction of bottleneck operation time is less effective.
* Refer to comments about production rates when the line producing different types on Page 39.
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§5.1.2 Increase Efficiency
All manufacturing plants want their machines to be 100% efficient. But there is no
perfectly reliable machine. According to the summary of machine parameters given in
Table 3-4, the first station is the worst with only 77% efficiency, the second station is the
second worst with about 90% efficiency. Station 3 and 4 have around 95% efficiency.
And all the rest have about 99% efficiency.
MTTF
Efficiency is defined as: Efficiency = . A machine's MTTF is hard to
MTTF+MTTR
change since a machine will fail after working for a certain period. Its MTTR is easier
to change. For example, if the operator is experienced, he will find out the problem that
causes the machine to stop and make the machine run again in very short time, and he
will also know which parts to replace. In the following sensitivity analysis of efficiency,
we reduce MTTR by 50%.
To improve machine efficiency, we always start from the worst one. Table 5-3 shows the
improvement of increasing efficiency of first station from 77% to 86%. When we talk
about the improvement, we always consider the production rate increase together with
total buffer level change.
Mars 4J3. I J/bUU U.Zb ( 4 tr .i/UU U.Zob 48.04 2.58%
Iris 407.31/500 0.2813 482.45/500 0.2890 75.14 2.75%
Tiffany 406.40/500 0.2816 482.35/500 0.2894 75.95 2.75%
Table 5-3 Effect of Improvement of Station 1
From the above table, we gain about 2.5% production rate increase at the cost of
increasing WIP. Similarly, we try the effect of improvement of other stations or group of
certain stations, and list the results in following tables:
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Mars 439. 73/bUU U.Zbb t 4UU.14/bUU U.Zti01 -39.59 7.26%
Iris 407.31/500 0.2813 329.89/500 0.3000 -77.42 6.66%
Tiffany 406.40/500 0.2816 327.75/500 0.3003 -78.65 6.63%
Table 5-4 Effect of Improvement of Station 2
Compare with Table 5-3, we find that improvement of Station 2 will give much better
results even Stations 2 is already 90% efficient. The production rate is increased by
about 7% with reduced average WIP. The reason for this is that there is a buffer after the
first station, and the process at Station 1 is decoupled, so the improvement of efficiency
for Station 1 will have less effect on whole line performance.
Mars 439.73/500 0.2667 418.50/500 0.2788 -21.23 4.54%
Iris 407.31/500 0.2813 366.23/500 0.2933 -41.08 4.27%
Tiffany 406.40/500 0.2816 364.67/500 0.2936 -41.73 4.26%
Table 5-5 Effect of Improvement of Station 3
Again, improvement of Station 3 gives better results than Stations 1 even Stations 3 is
already 95% efficient. The production rate increases by over 4% with reduced WIP.
Therefore, we conclude we should always improve the stations that have strong
interaction with other stations. Thus, we try to improve stations with efficiency under
99% after the buffer.
Mars 4J3. Jl/bUU U.Zbb t j 2.19/bUU U.2Mf( -d (.b4 11.b2
Iris 407.31/500 0.2813 243.33/500 0.3089 -163.98 9.82c
iffany 406.40/500 0.2816 240.19/500 0.3091 -166.21 9.75 ,
Table 5-6 Effect of Improvement of Station 2,3,4
Table 5-6 shows satisfactory results. If we want further production rate improvement,
we need to improve first station now.
I/o
T
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Mars 439.73/500 0.2667 481.98/500 0.2997 42.25 12.37%
Iris 407.31/500 0.2813 470.18/500 0.3166 62.79 12.56%
Tiffany 406.40/500 0.2816 469.85/500 0.3170 63.45 12.56%
Table 5-7 Effect of Improvement of Station 1,2,3,4
In ideal case, assume that we can improve all the stations in the line, we get following
results:
Mars 45.l ItUU U.Zobo 4ft.•UOUU U.,UIre J.1/ 15!.° 0
Iris 407.31/500 0.2813 462.10/500 0.3250 54.79 15.54%
Tiffany 406.40/500 0.2816 461.83/500 0.3252 55.43 15.46%
Table 5-8 Effect of Improvement of All Stations
Compare Table 5-7 and 5-8, we can tell that if we want to improve efficiencies of
stations in the line, we do not need to improve all. In fact, we can achieve similar
improvement by just increasing the efficiencies from Station 1 to Station 4.
§5.1.3 Buffer
Buffers can be used against stoppages of the line. Currently, there is one buffer after
Station 1. Increasing existing buffer or introducing new buffers at other locations will
give improvement to the line production rate.
Table 5-9 shows the effect of increasing existing buffer from 500 to 10000.
Mars 439.73/500 0.2667 9938/10000 0.2669 9497.87 0.06%
Iris 407.31/500 0.2813 9896/10000 0.2819 9488.49 0.23%
Tiffany 406.40/500 0.2816 9895/10000 0.2823 9488.10 0.23%
Table 5-9 Effect of Increasing Existing Buffer to 10000
I
I
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There is little improvement on production rate, and the cost of this little improvement
is to build almost 9500 WIP. Therefore, it is not a good idea to increase existing buffer.
Then we will try to introduce new buffers into the line. When introducing new buffers,
the key points are the locations and sizes of the buffers. And we should keep in mind to
create as fewer buffers as possible and keep the buffers' size as small as possible,
because they are cost-sensitive.
As far as buffer locations are concerned, we can determine the candidate locations by
looking at the production rate differences of neighbor stations. The bigger the
differences are, the more helpful the buffers will be. Alternatively, we can put infinite
buffers between each station and calculate buffer levels. The higher the buffer levels
are, the more helpful the buffers will be. At the same time, we have to consider the
technical feasibility of the locations, because the orientation of parts at certain stations
is important and can not be changed. Thus, it will be very costly or even impossible to
build a buffer there.
After theoretical calculation and discussion with engineers/technicians at Sphinx, the
following table shows the summary of possible buffer locations.
Location Priority Technical Feasibility
After Station 2 1 Easy
After Station 4 2 Difficulty
After Station 5 3 Medium
Table 5-10 Possible Buffer Locations
Sine the line is integrated and compact, it will be expensive to introduce buffers.
Because design of new mechanism and necessary modifications will be needed, we
start from introducing one additional buffer, then two additional buffers, and so on.
And we will stop when the target production rate can be reached by introducing
small-sized buffer or buffers.
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(1) One Additional Buffer
Since the location after Station 2 takes first priority, and it is relative easy to build
buffer there, we will test improvement of introducing new buffer there. And to see
the effect of different locations, we also tried to build buffer after Station 4.
For different types, the results are different, therefore, the discussion below is model
based. And to compare the effect of different buffer locations, the figure at left hand
side shows the situation when building buffer after Station 2, while the figure at right
hand side shows the situation when building buffer after Station 4.
For Mars:
Production Rate & Buffer Level vs. Buffer Size (Mars)
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Figure 5-1 Line Performance vs. Buffer Size at Different Locations (Mars)
As shown in the above figures, the horizontal axis is buffer size, left vertical axis is
relative production rate increase, and right vertical axis is average WIP.
The pink line show the changes of production rate as the buffer grows, while the
green line shows the changes of average WIP as the buffer grows. And the blue line
is the target which is 7.52% production rate increase. Compare the two figures, we
can tell the effect of buffer locations. Obviously, building buffer after Station 2 will
give better improvement. The target can be reached when the buffer size increase to
10, however, the buffer size need to be 50 to reach the target if we build buffer after
14
S12
E 10Q8
2 8
Production Rate & Buffer Level vs. Buffer Size (Mars)
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Stations 4. Similarly, the following figures show the cases for the rest two models:
For Iris:
Production Rate & Buffer Level vs. Buffer Size (Iris)
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Production Rate & Buffer Level vs. Buffer Size (Irisl)
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Figure 5-2 Line Performance vs. Buffer Size at Different Locations (Iris)
The target can be reached when the buffer size increase to 18 if the buffer were built
after Station 2, however, the target will never be reached if we build buffer after
Stations 4.
For Tiffany:
Production Rate & Buffer Level vs. Buffer Size (Tiffany)
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Production Rate & Buffer Level vs. Buffer Size (Tiffany)
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Figure 5-3 Line Performance vs. Buffer Size at Different Locations (Tiffany)
Similar to the case for Iris, the target can be reached when the buffer size increase to
18 if the buffer were built after Station 2, and the target will never be achieved if we
14
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build buffer after Stations 4.
So far, we have discussed the improvement given by introducing one buffer. We need to
build a buffer of size 18 after Station 2 to achieve the target. However, a buffer of size 18
will be difficult and expensive to build. We will try the effect of building two buffers to
see whether we can achieve the target with less total buffer size.
(2) Two Additional Buffers
According to the priority of buffer locations, we build two buffers after Station 2 and
Station 4 respectively. Again, the discussion is model based.
In this case, there are two variables, therefore, the vertical axis stands for the size of
Buffer 2 (Buffer after Station 2), horizontal axis for the size of Buffer 3 (Buffer after
Station 4), and the color shows the relative production rate increase and average WIP
versus the changes of two buffers.
For Mars:
Relative Production Rate Improvement vs. Buffer Size (Mars)
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Figure 5-4 Relative Production Rate Improvement vs. Two Buffer Sizes (Mars)
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From Figure 5-4, we can see that the part above the grey color is our interested area.
And the maximum production rate improvement is about 17%. To meet the target of
7.5%, we need total minimum buffer size to be 6. Specifically, size of Buffer 2 needs
to be 2 or 4 and size of Buffer 3 needs to be 4 or 2 accordingly. And the latter
combination gives better improvement.
WIP vs. Buffer Size (Mars)
0
S420.00 440.00
0 400. 00 -420. 00
0 380. 00 400. 00
0 360.00 -380. 00
0 340. 00 -360. 00
0 320. 00 340. 00
O 300. 00 -320. 00
Buffer 2 (Size) 0 280. 00 -300. 00
N 260. 00 -280. 00
0 240. 00 -260. 00
* 220. 00 -240. 00
0 200. 00 -220. 00
S180. 00 -200. 00
0 160. 00 -180.00
O 140.00 -160. 00
S120.00 -140.00
N 100. 00 -120. 00
WIP
Figure 5-5 WIP vs. Two Buffer Sizes (Mars)
Similarly, we can plot the average WIP versus the changes of two buffers. The
average WIP in the system will decrease as the two buffers become bigger, and reach
a minimum point, then increase as the two buffers continue to grow.
As explained before, since the line is more balanced when producing Iris and Tiffany,
the potential improvement is not as big as Mars. However, the production target can
be achieved by adding two buffers.
For Iris:
From Figure 5-6, we can see the maximum production rate improvement is about
11%. To meet the target of 7.5%, we need total minimum buffer size to be 14.
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Specifically, the size of Buffer 2 need to be 10 and size of Buffer 3 needs to be 4.
Relative Production Rate Improvement vs. Buffer Size (Iris)
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Figure 5-6 Relative Production Rate Improvement vs. Two Buffer Sizes (Iris)
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Figure 5-7 WIP vs. Two Buffer Sizes (Iris)
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For Tiffany:
Relative Production Rate Improvement vs. Buffer Size (Tiffany)
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Figure 5-8 Relative Production Rate Improvement vs. Two Buffer Sizes (Tiffany)
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Figure 5-9 WIP vs. Two Buffer Sizes (Tiffany)
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From Figure 5-8, we can tell the maximum production rate improvement is about
11%. To meet the target of 7.5%, we need total minimum buffer size to be 12.
Specifically, the size of Buffer 2 needs to be 10 and size of Buffer 3 needs to be 2.
The following tables summarize the minimum buffer space needed to meet the target
of 7.52% production rate increase.
Model Location Size (B2)
Mars After Station 2 10
Iris After Station 2 18
Tiffany After Station 2 18
Table 5-11 Location and Size for One Additional Buffer
Model Location Size (B2+B3)
Mars After Station 2 & 4 4+2
Iris After Station 2 & 4 10+4
Tiffany After Station 2 & 4 10+2
Table 5-12 Locations and Sizes for Two Additional Buffers
§5.2 Improvement of Quality Rate
Currently, the quality rate of the Auto Line 2 is:
Quality Rate of Line = y *y2 ...Y9 = 0.9718
Therefore, the potential improvement is limited. In other words, even we can improve
the yield of each station in the line to be 100%, we can only improve the line production
rate by 2.82%.
§5.3 Improvement of Availability
Current availability of the Auto Line 2 is:
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(24-5.06)hrAvailability - - 0.7891
24hr
The production rate can be improved a lot if the line can be made available 24 hours a
day. However, it is impossible to eliminate all the preventive maintenance, set up time,
changeover time, unplanned downtime and other loss hours. To achieve the production
rate target, we need to increase current availability by 7.52%. The improved availability
will be:
Improved Availability = 0.8643 = (24-3.26)h
24hr
That is to say, we need to limit average daily loss hours within 3.26 hours. In other words,
we can meet the target by reducing daily loss hours from 5.06 hours to 3.26 hours.
§5.4 Combined Improvement
Section 5.1-5.3 discussed the effect of solo improvement of certain factors. No doubt
that the improvement will be greater if we can improve multiple factors. However,
implementation of any proposal will be based on careful study of cost. And
implementation always starts from the easiest and cheapest.
§5.5 Summary
In this chapter, we tested the effect of improvement of different factors that affect the
line performance. On the one hand, yield is not urgent issue in this case and we should
try to minimize loss hours as much as possible; on the other hand, shortening operation
time or increase machine efficiency can not be achieved easily in short time, while
introduction of few buffer space will decouple the process and recapture the production
rate loss, which is a relatively easy and effective way to get better performance.
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Chapter 6
Conclusions
This chapter is the summary of the whole thesis, it concludes all the work done in the
past few months, and it also sketches the extension of this project.
§6.1 Summary of Recommendations
To improve the line performance, we start from three big categories, namely,
performance rate, quality rate and availability. This thesis focuses on improvement of
performance rate. To improve performance rate, we can 1) shorten operation time of
bottleneck station, 2) increase efficiencies of certain stations, or 3) build buffers in the
line. To improve quality rate, we have to increase the yield of each station. And to
improve availability, we can reduce machine down time, preventive maintenance and
other loss hours.
As far as detailed proposals, introduction of new buffers into the line is easiest and most
effective action to implement. We can either introduce one additional buffer after Station
2 or introduce two additional buffers after Station 2 and Station 4. After studying the
cost to introduce buffers, we can decide the number, location and size of buffers from
Table 5-11 and Table 5-12. And we can see the effect after introducing new buffer from
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Figure 5-1 to Figure 5-9.
However, buffer cures symptoms, but not the root of problem. To radically improve the
line performance, we need to improve efficiency of each station. Even after we build
some new small buffers in the line, the decoupling effect is limited, therefore, increased
efficiencies of stations will be helpful to further improve the line performance.
According to the sensitivity analysis in Chapter 5, we have an order of which station
need to be improved in stead of blindly improve all stations in the line. If we can
increase Station 2's efficiency to 95%, then we need to improve Station 3 and Station 4's
efficiency to 97%, after that, we need to improve Station I's efficiency to 86%. By
improving the efficiencies of first four stations, we can achieve similar results by
increasing the efficiencies of all stations in the line.
Shortening operation time of bottleneck station is another alternative to improve line
performance. But, it is only effective when the line producing Mars because the
bottleneck operation time is 0.3 seconds slower than the second bottleneck. For the other
two models, it is not a good idea. Additionally, shortening operation time will be hard to
realize or costly to implement.
§6.2 Extension of the Project
The recommendations reached in this thesis are mainly theoretical calculations based on
analytical model. They show the effects of different factors that influence the line
performance. From sensitivity analyses, we can tell which factor is significant, which is
not. Even when giving proposals, we do consider some very rough technical and
economical issues involved. However, we need to go one step further to conduct
detailed study for certain proposal before implementation. For example, to introduce
buffers, we may need to roughly design some mechanism first. Then we can estimate
the cost of modification of the line.
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Appendix A-1 Process Flow for Alpha Family
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Appendix A-2 Process Flow for Bravo Family
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Appendix A-3 Process Flow for Charlie Family
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Appendix B Collection of Operation Time
Station # 1 2 3 4 5 6 7 8 9 10
-M- --- --- Ajverg
Station 1 51.88 51.24 51.64 51.00 51.82 51.34 51.48 52.01 51.82 51.80 51.60
52.11 51.33 51.94 52.08 52.06 52.06 52.36 52.78 51.59 52.84 52.12
Station 2 51.11 50.74 51.18 51.00 50.14 51.07 50.84 51.60 51.40 51.76 51.08
52.09 52.27 52.06 53.08 52.74 53.26 52.76 52.14 53.04 52.94 52.64
Station 3 52.62 52.04 52.66 51.94 52.04 52.27 52.17 53.10 51.78 52.00 52.26
53.38 53.44 53.09 54.26 53.26 52.84 53.08 52.96 53.20 53.24 53.28
Station 4 51.84 52.72 52.55 52.05 52.80 53.08 53.67 53.84 51.93 51.92 52.64
52.60 52.75 53.08 51.96 53.12 52.80 52.04 52.10 51.92 52.80 52.52
Station 5 53.001 52.67 52.50 152.00 52.72 5335 .3 1.68 51.96 52.42 52.80 52.51
Station 6.1
Mars
St aIJ i 62
Iris) 57.73 57.96 57.78 58.01 57.38 55.68 56.20 55.44 55.47 55.9 56.72
Station 6.3
Tiffany) 51.94 52.79 52.70 52.80 52.18 51.00 51.08 51.40 51.60 51.80 51.93
Station 7 53.24 54.53 54.26 53.20 53.26 53.36 53.46 53.50 53.72 53.06 53.56
52.58 51.16 53.14 53.06 52.96 53.20 52.86 53.16 53.19 52.48 52.78
Station 8 53.55 53.66 51.95 53.24 53.24 53.34 51.22 53.04 53.12 53.30 52.97
51.74 53.34 53.88 53.24 53.32 51.94 52.06 52.84 53.34 52.86 52.86
Station 9
Conveyor) 53.00 53.00 53.00 53.00 53.00 53.00 53.00 53.00 53.00 53.00 53.00
Note Data taken on June 4th, 2007, Line run for Iris
Data taken on May 30th, 2007, Line run for Tiffany
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Appendix C Simulation Model (SIMUL 8)
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As shown in the above figure, this is a simulation model built by SIMUL 8. All the entities are displayed with different icons.
For job arrival rate, we can put any number that is faster than the process rate of any station in the line. And the first buffer is a
dummy buffer, which is set to be infinite to simulate sufficient raw material supply. And the second buffer is a real buffer, whose
size is 500. For each station, the parameters include operation times, MTTR/MTTF and yields. The first pass parts will go to next
station, while the fall offs will go to fall-off collection. When the line is producing Mars, the flow will pass Station 6_1; when
producing Iris, the flow will pass Station 6_2; and when producing Tiffany, the flow will pass Station 6_3. Conveyor is simulated
as Station 9. The warm-up period and data collection period are both set to be one month.
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